In situ observations of surface air and dewpoint temperatures and air pressure from over 15 000 weather stations and from ships are used to calculate surface specific (q) and relative (RH) humidity over the globe (60°S-75°N) from December 1975 to spring 2005. Seasonal and interannual variations and linear trends are analyzed in relation to observed surface temperature (T) changes and simulated changes by a coupled climate model [namely the Parallel Climate Model (PCM)] with realistic forcing. It is found that spatial patterns of long-term mean q are largely controlled by climatological surface temperature, with the largest q of 17-19 g kg Ϫ1 in the Tropics and large seasonal variations over northern mid-and high-latitude land. Surface RH has relatively small spatial and interannual variations, with a mean value of 75%-80% over most oceans in all seasons and 70%-80% over most land areas except for deserts and high terrain, where RH is 30%-60%. Nighttime mean RH is 2%-15% higher than daytime RH over most land areas because of large diurnal temperature variations. The leading EOFs in both q and RH depict long-term trends, while the second EOF of q is related to the El Niño-Southern Oscillation (ENSO). ) was observed. The q and T trends are found in all seasons over much of Eurasia (largest in boreal winter) and the Atlantic Ocean. Significant correlation between annual q and T is found over most oceans (r ϭ 0.6-0.9) and most of Eurasia (r ϭ 0.4-0.8), whereas it is insignificant over subtropical land areas. RH-T correlation is weak over most of the globe but is negative over many arid areas. The q-T anomaly relationship is approximately linear so that surface q over the globe, global land, and ocean increases by ϳ4.9%, 4.3%, and 5.7% per 1°C warming, respectively, values that are close to those suggested by the Clausius-Clapeyron equation with a constant RH. The recent q and T trends and the q-T relationship are broadly captured by the PCM; however, the model overestimates volcanic cooling and the trends in the Southern Hemisphere.
Introduction
Atmospheric water vapor provides the single largest greenhouse effect on the earth's climate. All climate models predict increased atmospheric content of water vapor with small changes in relative humidity as the global-mean surface temperature rises in response to increased CO 2 and other greenhouse gases (Cubasch et al. 2001; Dai et al. 2001) . The increased water vapor provides the single largest positive feedback on surface temperature (Hansen et al. 1984) and is the main cause of increased precipitation at mid-and high latitudes in the model simulations. It is therefore vital to monitor changes in atmospheric water vapor content not only for detecting global warming but also for validating the large water vapor feedback seen in climate models.
Atmospheric water vapor has been traditionally observed by balloon-borne radiosondes (for relative humidity) at about 700-800 land stations, mostly in the Northern Hemisphere (Wang et al. 2000) . The sounding data show increasing water vapor trends exceeding 3% per decade during 1973-95 over most of North America, east China, and some islands in the western tropical Pacific (Ross and Elliott 2001) . However, because of their poor spatial sampling (e.g., no soundings over open oceans) and temporal inhomogeneities due to changes in radiosonde sensors (Elliott 1995; Wang et al. 2002) , radiosonde measurements of atmospheric humidity are insufficient for estimating changes in global atmospheric water content during recent decades. Other atmospheric water vapor products often contain major problems, although satellite [Special Sensor Microwave Imager (SSM/I)] observations reveal an increase of 1.3% Ϯ 0.3% per decade in atmospheric precipitable water (PW) for the ocean as a whole from 1988 to 2003, which is strongly related to sea surface temperature (SST) increases (Trenberth et al. 2005) .
At the surface, water vapor (or humidity) is an important meteorological and climate variable that affects human comfort (Changnon et al. 2003) , surface evaporation and plants' transpiration. Surface specific (q) and relative humidity (RH) is conventionally measured using wet and dry bulb thermometers or RH sensors exposed in thermometer screens at a large number of weather and climate stations and on many marine platforms. The measurements of dewpoint temperatures (Td) by dew cells usually have an accuracy of about Ϯ0.5°C (Brock 1984; Brock and Richardson 2001) , and it is lower (Ϯ1.5°C) in very cold conditions (Td Ͻ Ϫ10°C) (Déry and Stieglitz 2002) . Some surface stations and buoys use RH-based sensors to measure RH directly. The synoptic datasets used here contain a dewpoint temperature, which may be derived from different types of humidity measurements (but most often from dry and wet bulb temperatures). The quality of the humidity measurements can be contaminated by local environments (e.g., heating, ventilation, etc.) and may be affected by a lack of calibration (Brock and Richardson 2001; Déry and Stieglitz 2002 ). An analysis of Canadian surface humidity records (van Wijngaarden and Vincent 2005) shows that many major instrumental changes occurred at Canadian stations, mostly before the mid-1970s (i.e., before the data period of this study). Nevertheless, these humidity measurements have been widely used to derive surface humidity climatologies and changes (see below) mainly because these are the only in situ observations available over most of the globe.
The surface observations provide much better spatial and temporal sampling than radiosondes. Because water vapor in the lower troposphere is generally well mixed and the lower troposphere accounts for the majority of atmospheric total water content, variations in surface q, especially on weekly and longer time scales, are found to strongly correlated with atmospheric PW (Reitan 1963; Bolsenga 1965; Liu 1986; Liu et al. 1991) . In fact, Smith (1966) , where parameter varies with latitudes and seasons within a range of about 1.11ϳ3.50 (Smith 1966; Liu et al. 1991) . These studies suggest that historical records of surface q, which has near-global sampling, can provide useful information on changes in atmospheric water vapor content, especially over the oceans where upper-air soundings have been unavailable.
Long-term mean distributions of surface q over the globe (Oort 1983) ; RH over the oceans (Trenberth et al. 1989; Peixoto and Oort 1996) ; and q, RH, and Td over the United States (Gaffen and Ross 1999) have been studied using the surface humidity observations. These studies show large seasonal and spatial variations in surface q, while the variations in surface RH are relatively small over the oceans but considerable over the United States. Surface humidity fields are also produced by atmospheric reanalyses, but they usually make no use of surface observations and thus may contain biases.
There are a number of regional analyses of historical changes in surface water vapor content over land. For example, increased surface dewpoint temperature and specific humidity over the contiguous United States during the second half of the twentieth century have been reported by several studies (e.g., Gaffen and Ross 1999; Robinson 2000; Sun et al. 2000; Groisman et al. 2004) . During the same period, increased surface water vapor content is also found over Europe (Schönwiese and Rapp 1997; New et al. 2000; Philipona et al. 2004) , the former Soviet Union, eastern China, tropical western Pacific islands (Sun et al. 2000) , and China (Kaiser 2000; Wang and Gaffen 2001) . Positive trends from 1975 to 1995 in surface vapor pressure are also found over a few other regions such as Alaska, western Canada, and Japan (New et al. 2000) . Over the oceans, Ishii et al. (2005) show that global-mean oceanic dewpoint temperature has risen by about 0.25°C from 1950 to 2000. Most of the previous studies cover only a fraction of the globe and do not include the data of the last 5-15 yr. Furthermore, trends in dewpoint temperature and vapor pressure may differ from humidity because q is a nonlinear function of air pressure and dewpoint temperature while vapor pressure varies with both air pressure and q (see section 2). Thus a global view of surface humidity (i.e., q and RH) changes during the most recent decades has been unavailable.
Here we analyze surface q and RH derived using surface 3-hourly observations from over 15 000 weather stations over global land and marine reports from ships and buoys over global oceans from December 1975 to spring 2005. We first produce a seasonal climatology of surface q and RH and examine their year-to-year variability, and then analyze their trends and the association with recent warming. We focus on the most recent decades when global-mean surface temperature has been rising rapidly (Jones and Moberg 2003) and surface observations have a much better spatial coverage than earlier periods. For comparison, we also analyze recent humidity changes and their relationship with temperature simulated by a fully coupled climate system model. Our results update previous climatologies of surface humidity and provide a first near-global assessment of changes in surface water vapor content and relative humidity in association with recent global warming. We emphasize that humidity is one of the most difficult basic meteorological variables to measure (Brock and Richardson 2001) . As such, considerable instrumental and sampling errors likely exist in the data despite our data quality control efforts. Nevertheless, we believe that the q and RH results reported here (including the trends) are likely reliable, at least in a qualitative sense, as suggested by the strong q-temperature correlations.
In section 2, we first describe the datasets and analysis procedures. We then discuss the mean patterns, seasonal to interannual variations, and empirical orthogonal function (EOF) analyses in section 3. The trends in surface RH and q, their association with surface temperature increases, and comparisons with twentiethcentury climate simulations by a coupled model are described in section 4. A summary is given in section 5.
Datasets and analysis procedures
The datasets used in this study are summarized in Table 1 . We calculated 3-hourly, instantaneous surface specific q and RH from 1 December 1975 to 30 April 2005 (31 May 2005 over the oceans) using individual synoptic reports of surface air and dewpoint temperatures and air pressure from over 15 000 weather stations and marine reports from ships around the globe (buoys usually do not measure Td). Both the station and marine synoptic weather reports were transmitted in real time through the Global Telecommunication Systems (GTS) and archived at the National Center for Atmo- Dai et al. (2006) spheric Research (NCAR) from 1975 (incomplete for 1975 to present (DS464.0; see http://dss.ucar.edu/ datasets/ds464.0/). The marine GTS weather reports, supplemented by other sources of data, were also used to compile and produce the quality-controlled International Comprehensive Ocean-Atmosphere Data Set (ICOADS; Worley et al. 2005 ; http://www.cdc. noaa.gov/coads/), which was also used here to calculate instantaneous surface q and RH. The ICOADS ends on 31 December 2002; thereafter, we calculated marine surface q and RH using the synoptic reports from the DS464.0 dataset, which includes all the marine reports in the GTS, and also the real-time marine reports from the ICOADS project (see http://www.cdc.noaa.gov/ coads/nrt.html) if data were unavailable from the DS464.0 for a given ocean box (see below).
These surface synoptic reports are the primary in situ observations of the weather and climate. They have provided the basic instrumental data used to compile global monthly temperature and other climate records that have been applied in numerous studies, for example, to document the historical changes in global surface temperature (e.g., Hansen et al. 2001; Jones and Moberg 2003) and cloud cover (e.g., Norris 2005; Dai et al. 2006) and to quantify variability in surface pressure tides (Dai and Wang 1999) , surface winds and divergence (Dai and Deser 1999) , precipitation and thunderstorm frequencies (Dai 2001a,b) , and cloud amount (e.g., Warren et al. 1988) .
The individual reports of surface air (T; in°C) and dewpoint (Td; in°C) temperatures and surface air pressure (Ps; in mb) were first screened to be within a broad, physically possible range, namely, Ϫ80°to 60°C for Ta and Td and 200Ϫ1200 mb for Ps. These data were then averaged over each 1°grid box, and the mean and standard deviation (for individual reports relative to the grid box mean) were computed for each season for the whole data period. This standard deviation (s.d.) was used to exclude outliers locally. Tests showed that using a criterion of either 3.0 or 4.5 s.d. yielded similar results. However, because of the nonstationary nature of the data time series of the last 30 yr, a tight range (e.g., 3 s.d.) excludes more data points in the early and late years of the data period than in other years, which results in reduced magnitudes of the trends in the data. To be consistent with the ICOADS, data points outside the Ϯ4.5 s.d. range were excluded for both the DS464.0 and ICOADS datasets, which generally reduced the magnitude of the trends only slightly compared to the case without this screening.
The screened data were used to calculate q (g kg Ϫ1 ) according to (Oort 1983, p. 20) q ϭ 622 6.11 P s 10
and RH (%) using
where the saturation vapor pressure e s (in mb) is calculated according to (Bolton 1980) e s ϭ 6.112e
17.67T
Tϩ243.5 . ͑3͒
The calculated q and RH were also subjected to a range check (0%-100% for RH and 0-99 g kg Ϫ1 for q) and similar s.d.-based screening. The above quality checks were intended to exclude outliers that likely result from errors in measurements, data transmission, and other sources. Remaining random errors in the T, q, and RH data are greatly reduced during the averaging to derive gridded seasonal mean values because the number of samples is large over most regions (cf. Figs. 1-2). No attempt was made here to address potential systematic errors and biases that might result from changes in ship heights, instrumentation, and other factors because metadata for these changes are currently unavailable and statistical tests for nonclimatic changes without any metadata are not very effective for a relatively short length of records.
The screened instantaneous q and RH values were first simply averaged within each 1°latitude ϫ 1°lon-gitude land box and 4°ϫ 5°ocean box for each season and then averaged over data were then processed again, in which they were stratified by the observation time (0000, 0300, 0600Z, etc.) from which seasonal mean values were computed (so that diurnal sampling biases were minimized), averaged for each individual seasonal and within each 1°ϫ 1°land box and 4°ϫ 5°ocean box, subtracted from the climatologic mean, and the anomalies were averaged (for land boxes) to a 4°ϫ 5°global grid. The gridded seasonal anomalies were used to compute the standard deviation, EOFs, and long-term trends. The use of the anomalies minimizes the effect of changing sampling (e.g., over regions with large differences in the mean) on area-weighted regional and global time series. Linear regression was used to estimate the trends and Student's t tests were used to test the statistical significance of the trends of the humidity and temperature time series.
Local solar heating effects on daytime T measured onboard ships and from buoys can be large (up to ϳ3°C) in calm and sunny days, and their corrections are complicated and require ship or buoy-specific coefficients (Anderson and Baumgartner 1998; Berry et al. 2004) . Fortunately, the solar heating effect on q is negligible (less than 0.1 g kg
Ϫ1
) when q is calculated using the measured (i.e., uncorrected) T and Td (Kent and Taylor 1996) . Our results show little day-night differ- ence in marine q (ϳ0.2-0.5 g kg Ϫ1 at low latitudes and smaller at higher latitudes), which is consistent with Kent and Taylor (1996) . To avoid the local heating effect on marine surface air temperature, we used SST over the oceans (and air temperature over land) for oceanic T change analyses, similar to the Hadley Centre and Climate Research Unit temperature dataset (HadCRUT2; see Jones and Moberg 2003; Rayner et al. 2003) . For climatological and diurnal analyses of RH, the heating bias in marine air temperature could have significant impacts [through Eqs. (2)- (3)]. We corrected the heating bias in surface air temperature from ships using the method of Kent et al. (1993) for ICOADS data for 1976-2002. However, we were unable to do the correction for years after 2002 because ship movement data (needed for the correction) were unavailable in the other datasets. The correction changes the T and RH diurnal cycle greatly but has small effects on their interannual to longer-term variations. Thus we used the corrected marine air temperature for the 1976-2002 RH climatology, s.d., and diurnal analysis, but used the uncorrected marine air temperature for the RH anomaly and change analysis for 1976-2004 (in order to be consistent for the whole data period). We found that over the oceans seasonal and annual q correlates more strongly with accompanying surface air temperature than with SST. Tests showed that the correction for solar heating bias has little effect on the seasonal and annual q-T relationships. Thus we used the uncorrected marine air temperature for the whole data period in the q-T scatterplots and correlative analyses. Figure 1 shows the time series of annual total number of weather reports that can be used to derive valid q values using Eq. (1) over the global (60°S-70°N) land (solid curve) and from ships (dashed curve). The number of observations over land is relatively stable (ϳ10-13 million yr
) from 1977 to 1997; thereafter it increased to ϳ20-23 million yr Ϫ1 mainly because of the inclusion of a large number of hourly reports from the United States and other regions (cf. Fig. 2 ). We included these hourly reports in the nearest 3-hourly averages (e.g., 01 UTC reports were included in the averaged values for 00 UTC). Figure 2 shows that the seasonal number of q samples for each 4°ϫ 5°grid box is large (10 3 -10 5 ) over most land areas and probably adequate (10 2 -10 3 ) over the North Atlantic and North Pacific Oceans, but the sampling (Ͻ100) is poor over many tropical and southern oceans. Observations over Africa and the Amazon are also relatively sparse.
For comparison, surface q and T for 1976-99 from four ensemble twentieth-century climate simulations by a coupled climate system model, namely the Parallel Climate Model (PCM) (Washington et al. 2000) , were also analyzed. The PCM has a horizontal resolution of ϳ2.8°and 18 vertical layers, with the lowest layer centered at a pressure level of 0.9925 ϫ surface pressure. The surface humidity in the model is controlled by a number of processes, including atmospheric circulation, vertical mixing, and surface evaporation, which is affected by wind speed, soil moisture, solar heating, and other factors. The twentieth-century simulations include observed greenhouse gas, sulfate aerosol, ozone, volcanic, and solar forcing; they are designed to reproduce the historical climate changes (see Meehl et al. 2004 for details). Figure 3 shows the spatial distribution of long-term mean seasonal q at the surface. Associated with the warm temperatures in the Tropics, the highest values of q (17-19 g kg Ϫ1 ) are seen over tropical oceans and land areas. This band of maximum q migrates seasonally in a south-northward direction only slightly. Outside the Tropics, large latitudinal gradients exist on both the hemispheres, together with large seasonal variations over land. For example, over central Asia q varies from ϳ1-2 g kg Ϫ1 in winter to 7-8 g kg Ϫ1 in summer. Longitudinal variations are relatively small, although q over the deserts in northern and southern Africa, the Middle East, and inland Australia is much lower than other places at similar latitudes. This implies drying effects on surface humidity by dry soils and atmospheric subsidence over subtropical land. Excluding these subtropical areas, the spatial patterns of surface q are very similar to those of surface T (e.g., Shea 1986 ). This suggests that surface T largely controls surface q outside the subtropical land areas through Eq. (3) (note that surface evaporation is proportional to q s -q, where q s is the saturation specific humidity at the surface).
Spatial and temporal variations
The December-February (DJF) and June-August (JJA) q maps of Fig. 3 are similar to those shown by Oort (1983 , his Fig. A15, for 1963 , although Fig. 3 shows more details over mid-and high latitudes (mainly due to finer contour levels in Fig. 3 ). Over the United States, q distributions in Fig. 3 are also comparable with those (for 1961-90) of Gaffen and Ross (1999) , who derived q from measurements of RH. For example, they both show 2-4 g kg Ϫ1 in DJF over the central and northern United States and 10-17 g kg Ϫ1 in JJA over the southern central and southeast United States.
The control of surface T on q is also implied by the relatively invariant distribution of surface RH over the oceans. Figure 4 shows that RH is around 75%-82% over most oceans with relatively small (Յ5%) seasonal variations, whereas it is around 70%-80% over most land areas except for deserts and high terrain such as the Tibetan Plateau and the Rocky Mountains, where RH is low (e.g., 30%-50% in summer). Over most inland areas, RH is considerably lower in JJA than in DJF by 5%-20% (Fig. 4) , mainly because the increases of the saturation vapor pressure associated with summer warm temperatures is larger than the increases in actual q. Our mean RH is slightly (by 1%-3%) lower than that for 1973-86 of Peixoto and Oort (1996) over the North Pacific and a few other oceanic areas. This is consistent with the decreasing RH trends discussed below. Figure 5 shows that JJA surface RH is about 10%-15% higher at night than during the day over most of the continents. This night-day difference decreases to 1%-5% in DJF at northern mid-and high latitudes, and it is small (ϳ0%-2%) over the oceans. Surface q is slightly larger (by 0.2-0.5 g kg Ϫ1 ) during daytime than nighttime over low-latitude oceans, and the night-day q difference is very small (Ͻ0.25 g kg Ϫ1 ) over the rest of the globe (not shown). Thus, the night-day RH difference is caused by diurnal variations in saturation vapor pressure induced by the large diurnal cycle in surface air temperature over land (Dai and Trenberth 2004) . The night-day RH difference over the United States in Fig. 5 is similar to that shown by Gaffen and Ross (1999) . We note that the night-day mean difference shown in Fig. 5 is smaller than the diurnal maximumminimum amplitude.
The standard deviation (s.d.) of year-to-year variations of q is around 0.6-1.0 g kg Ϫ1 (ϳ3%-5% of the mean) at low latitudes and 0.2-0.6 g kg Ϫ1 (ϳ8%-15% of the mean) at mid and high latitudes, while the s.d. of RH is around 2%-4% over most of the globe (Fig. 6) . The s.d. of both q and RH has relatively small spatial and seasonal variations. FIG. 3. Long-term (1976 1, 2, 3, 4, 6, 8, 10, 12, 14, 16, 17, 18, 19 , and 20 g kg The relatively invariant RH over the oceans suggests that marine surface air tends to reach a certain level (ϳ75%-85%) of saturation with respect to water vapor. Atmospheric vertical and horizontal mixing likely plays an important role in maintaining the RH distribution, but it is unclear what exactly determines this saturation level, the spatial homogeneity, and the temporal invariance of marine RH. Over land, however, surface RH shows large spatial, diurnal and seasonal variations.
An EOF analysis (of the correlation matrix of the annual data) revealed some distinguishable patterns of variation for q and RH during 1976-2004. Figure 7 shows that the two leading principal components (PCs) of q (black line) and T (red line) are highly correlated, which confirms the dominant influence of T on q. The first EOF of q, which accounts for ϳ18% of the total variance, represents an upward trend embedded with considerable year-to-year variations, with the largest contribution from Asia and the Atlantic Ocean. This trend pattern is discussed further in the next section. The second EOF (ϳ10% variance) correlates with the El Niño-Southern Oscillation (ENSO) both in time and space, suggesting that surface temperature variations associated with ENSO have considerable influences on global surface q, especially over the Pacific and Indian Oceans (Fig. 7) . However, ENSO's influence is not evident in surface RH, whose leading PC/EOF shows a secular trend over many oceanic areas (negative) and some land areas (positive; Fig. 7 ) but no ENSO-related patterns. The eigenvalues of the EOFs shown in Fig. 7 are statistically significant or separable. Figure 8 shows the global and hemispheric time series of annual RH averaged over all (black solid line), ocean (dashed line), and land (thin solid line) areas within 60°S-75°N from 1976 to 2004. The RH changes are small (within 0.6%) compared with their mean values (about 74%, 79%, and 65% for the globe, ocean, and land, respectively). Nevertheless, decreasing trends [Ϫ0.11% to Ϫ0.22% (of saturation) decade Ϫ1 ] over the global and hemispheric oceans are statistically significant (Fig. 8) . A downward trend (Ϫ0.20% decade
Trends in surface humidity

a. Relative humidity trends
Ϫ1
, p ϭ 1.81%) is also evident in the Southern Hemisphere landϩocean time series. Over Northern Hemisphere land, the trend is positive but small and insignificant. Consistent with the area-averaged time series, decreasing RH trends of 0% to Ϫ1% decade Ϫ1 are widespread over the oceans (Fig. 9c) . Large positive and statistically significant RH trends (0.5% ϳ 2.0% per decade) are seen over the central and eastern United States, India, and western China (Fig. 9c) , and they exist in all four seasons (but largest in JJA over the central United States; not shown). From 1976 to 2004, RH also has increased over most of East Asia, but decreased over eastern Australia and eastern Brazil (Fig.  9c) . The RH trend patterns are significantly correlated with those of surface specific humidity but not temperature (Fig. 9) . Figure 10 shows that the large RH increases over the central United States and India are accompanied with large upward trends in surface q and total cloud cover. The cloud data in Fig. 10 were derived from the same synoptic reports as q and RH, except for the United States, where automated cloud observations after 1993 at most of the U.S. weather stations are not comparable with previous records, and we had to use the human cloud observations from ϳ124 U.S. military weather stations for 1994-2004 (see Dai et al. 2006 for details). The recent increase in U.S. cloudiness is a continuation of an upward trend started in the 1940s (e.g., Dai et al. 1999) , and it is physically consistent with another independent record of diurnal temperature range (Dai et al. 2006) . Since the warming is moderate over the central United States (cooling in JJA; not shown; see also Hansen et al. 2001 ) and India and western China (Fig.  9a) , the large q increases exceeded those in saturation humidity and resulted in the RH increases in these regions. The increase in cloud cover (mostly for low clouds; not shown) suggests that the surface RH in- crease extended to the lower troposphere. The strong correlations among the physically related variables shown in Fig. 10 suggest that the data are consistent with each other and the upward trends are real. Figure 11 compares the global (60°S-75°N) and hemispheric time series of annual q (solid line) and T (short-dashed line). The T time series were derived from land air temperature and SST from the same surface synoptic reports as q, and they are very similar to the quality-controlled HadCRUT2 temperature data (long-dashed line in Fig. 11 ). The small discrepancies between these two temperature estimates result from differences in (temporal and spatial) sampling and analysis methods. Since q is derived from independent measurements of Ps and Td [cf. Eq. (1)] and because of the dominant control of T on q as discussed above, the strong correlation between the q and T time series (Fig.  11) suggests that both the q and T data are likely reliable.
b. Specific humidity trends
Global and Northern Hemispheric time series of both q and T (Fig. 11) Fig. 2 ), although the T trend is significant (but insignificant when marine air temperature is used; not shown). Considerable interannual variations in q closely follow those in T. For example, record-breaking high temperatures in 1998 resulted in the highest q during 1976-2004. Trends in nighttime (6 P.M.-6 A.M. local solar time) mean q and T are larger than those of daytime (6 A.M.-6 P.M.) over land (Fig. 12) . This is consistent with a decreasing diurnal temperature range (DTR) over many land areas resulting from larger warming in the nighttime minimum temperature than in the daytime maximum temperature (e.g., Easterling et al. 1997; Dai et al. 1999 Dai et al. , 2006 . Over the oceans, the day-night differences in q and T trends are very small (not shown).
The time series of many regional q and T also show increasing trends and strong correlation between them. For example, Fig. 13 shows that annual q and T averaged over the contiguous United States, western Europe (west of 30°E), and central Eurasia (40°-60°N, 30°-100°E) has increased by 0.101, 0.130, and 0.125 g kg
Ϫ1
, respectively, from 1976 to 2004. Accompanying these positive humidity trends, surface air temperature has also increased over these regions. The contiguous U.S. warming trend is, however, statistically insignificant, and its q-T correlation is noticeably lower than the other regions (Fig. 13) . The relatively small warming over the United States (mainly due to cooling in summer) has been noticed before (e.g., Hansen et al. 2001 ).
There exists a significant correlation (r ϭ 0.39, and 0.46 if marine air temperature is used) between the trend patterns of q and T (Figs. 9a-b) . For example, large warming (ϳ0.2°-0.7°C decade
) occurred over much of Eurasia, where surface q also shows the largest percentage increases (by 1.5%-6.0% decade
). Warming is also widespread over Africa, eastern North America, Mexico, and the Atlantic, North Pacific, and Indian Oceans, where surface humidity also generally increased (by 0%-2.5% decade Ϫ1 ). The T and q trends over most of these regions are statistically significant at a 5% level (not shown). The q trend over the oceans in , solid curve) and surface (air over land and sea surface over oceans) temperature (°C, short-dashed curve) anomalies averaged over the globe (60°S-75°N), Northern Hemisphere (0°-75°N), and Southern Hemisphere (0°-60°S). The correlation coefficient (r) and the linear trends (dq/dt and dT/dt) and their statistical significant levels ( p) are also shown. The error bars are estimated Ϯstandard error ranges based on spatial variations. Also shown (long-dashed curve) is the surface (air over land and sea surface over oceans) temperature based on the HadCRUT2 dataset (Jones and Moberg 2003; Rayner et al. 2003) .
the Southern Hemisphere is small and statistically insignificant, and it is slightly negative (statistically insignificant) over the tropical eastern Pacific Ocean (Fig.  9b) .
The increasing humidity trends and their association with surface warming (mainly over the Northern Hemisphere) are found in all seasons, although the q-T correlation is higher in JJA than DJF (Fig. 14) . The magnitude of the q trends is also larger in JJA than DJF, despite the larger DJF warming in the Northern Hemisphere. This is mainly owing to the higher mean q in JJA over land. The seasonal trends of q and T over the Southern Hemisphere are also positive, but generally small and statistically insignificant. Warming and increasing q are seen in all seasons over much of Eurasia and the Atlantic Ocean, but they are particularly large in DJF over Eurasia and the United States (not shown) whereas some cooling and q decreases have occurred in March-May (MAM) over Canada and the northern United States and in DJF over northern Siberia (not shown).
The recent warming and the associated surface humidity increases are broadly captured by the PCM when forced with realistic forcing (Fig. 15) . Although the global and hemispheric time series of q and T differ slightly among the individual ensemble runs (not shown), they all exhibit upward trends and strong q-T correlations that are comparable to observations. However, the PCM overestimates the volcanic cooling effects (in 1982 and 1991) and underestimates the yearto-year variations in other years, resulting in stronger q-T correlation than observed (cf. Figs. 11 and 15) . The model also overestimates the increases in Southern Hemispheric q and Ta, while the increasing trends over the Northern Hemisphere are very similar to observations. Spatial trend patterns of T and q vary among the individual ensemble runs on regional scales (not shown), but they generally larger over the northern mid-and higher latitudes than in low latitudes, and the T and q trend patterns are correlated with each other, which is consistent with observations. More thorough analyses of the simulated humidity fields from the PCM and other coupled climate models are needed.
c. Humidity-temperature relationship
Because atmospheric water vapor provides a strong positive feedback to greenhouse gas-induced global warming, a realistic q-T relationship is vital for climate models to correctly simulate future climate change. Several studies have examined the relationship between tropospheric water vapor content and surface air temperature in observations (often based on sparse radio soundings) and models (e.g., Gaffen et al. 1992 Gaffen et al. , 1997 Sun and Oort 1995; Sun and Held 1996; Ross et al. FIG. 13 . Same as in Fig. 11 , but for (a) the contiguous United States, (b) western (Ͻ30°E) Europe, and (c) central Eurasia (40°-60°N, 30°-100°E). Fig. 11 , but for (top) daytime (6 A.M.-6 P.M.) and (bottom) nighttime (6 P.M.-6 A.M.) mean surface specific humidity (solid curve) and temperature (dashed curve) averaged over global (60°S-75°N) land areas.
FIG. 12. Same as in
2002). For example, Gaffen et al. (1992) found that observed atmospheric PW relates to surface air temperature (T ) through ln (PW) ϭ A ϩ BT, but the coefficients A and B depend on T's range. Sun and Oort (1995) and Sun and Held (1996) found that the observed rate of fractional increase of tropospheric q with temperature is significantly smaller than that given by the Geophysical Fluid Dynamics Laboratory (GFDL) model with constant RH; however, this result is found by Bauer et al. (2002) to be mostly an artifact of the sparse oceanic sampling by radiosondes and the objective analysis used by Sun and Oort (1995) . Recently, Trenberth et al. (2005) show that atmospheric PW increases with surface T at a rate consistent with fairly constant RH over the oceans during the last two decades.
We showed in section 4a that area-averaged surface q and T are highly correlated on both interannual and longer time scales. Here we explore the surface q-T relationship in more detail. Figure 16 shows the scatterplots of globe (60°S-75°N), global land, and oceanaveraged annual q and T anomalies and compare the observed q-T relationship with estimates based on a constant humidity. Note that the constant humidity anomaly estimates (dashed lines) in Fig. 16 were derived using small T changes and globally averaged mean surface air temperature, pressure, and relative humidity [and Eq. (3) and the e-q relationship]. Nevertheless, Fig. 16 shows that the dq-dT anomaly relationship is approximately linear [consistent with Eq. (3) for small dT ], and the observed dq/dT is close to the constant RH slopes, suggesting that changes in globalmean annual RH during 1976-2004 are small (consistent with Figs. 8 and 9c) . The observed dq/dT is about 0.58, 0.38, and 0.77 g kg Ϫ1°CϪ1 (r 2 ϭ 0.81, 0.77, and 0.76) for annual q and T for the globe, global land, and ocean, respectively. In percentage terms, they are about 4.9%, 4.3%, and 5.7% change in q per 1°C warming, which are close to those (ϳ5.4%, 5.1%, and 5.5% per 1°C, respectively) suggested by the Clausius-Clapeyron equation or its empirical version [Eq. (3)] for saturation specific humidity (computed locally and then area averaged).
1 Figure 17 shows the scatterplot of annual globalmean q and T anomalies from the four ensemble runs 1 The Clausius-Clapeyron equation locally gives 6.2%-6.4% change per 1°C in surface saturation specific humidity (q s ) for air temperature within 15°-20°C. For regional averages, however, this percentage is lower because the area-averaged mean q s is higher than that calculated using the Clausius-Clapeyron equation and area-averaged mean air temperature and pressure. (donated by different symbols) by the PCM during the 1976-99 period. In this model, which has a cold globalmean bias of ϳ2°C, the global-mean q increases linearly with surface temperature at a rate of 0.52 g kg Ϫ1 or about 5% (1°C) Ϫ1 (r 2 ϭ 0.90), which are comparable to those observed [0.58 g kg Ϫ1 or 4.9% (1°C)
Ϫ1
; cf. Fig.  16 ]. Obviously, the absolute q increase, which is important for the water vapor feedback, depends on the model mean q and thus T. The dq-dT fit is slightly better in the PCM than in observations (r 2 ϭ 0.90 versus 0.81), which suggests that the model is more constrained to an invariant RH than in the real world.
The strong surface q-T correlation is also seen at individual locations (Fig. 18a) . This is especially true over most of the oceans, with the annual q-T correlation higher than 0.8 over most of the North Pacific, North Atlantic, and eastern tropical Pacific Ocean. The q-T correlation is also relatively strong over most of Eurasia and North America (r ϭ 0.4-0.8), whereas it is weak and statistically insignificant over desserts and arid areas, such as the western United States and northern Mexico, southern and northern Africa, the Middle East, and most of Australia (Fig. 18a) . In these dry regions, dry soils and atmospheric subsidence have large impacts on surface q, leading to weak surface q-T correlation. The q-T correlation is also weak over most of South America for reasons unclear.
In contrast to the generally strong q-T relationship, the correlation between annual surface RH and T is weak and statistically insignificant over most of the globe (Fig. 18b) , even though large diurnal RH variations are caused mostly by T variations (cf. Fig. 5 ). The RH-T correlation is negative over the dry areas mentioned above where the q-T correlation is weak or negative. This is expected because surface evaporation over these regions is limited by soil wetness, and it often cannot meet atmospheric demand to maintain a constant RH as air temperature increases. This is also consistent with the strong RH-q correlation (r Ͼ 0.6) over these regions (Fig. 18c ) because any increases in q (e.g., due to increased soil wetness from precipitation) should raise the local RH. As expected, the RH-q correlation is positive over most of the globe, although it is weak over the North Pacific, Europe and some other places. The q-T and RH-T correlation over the United States and the tropical western Pacific is in general agreement with that of Ross et al. (2002) .
Summary and concluding remarks
We have analyzed surface specific (q) and relative (RH) humidity calculated using weather reports of surface air and dewpoint temperatures and air pressure from over 15 000 stations (from NCAR DS464.0) and from ships (mainly from the ICOADS) over the globe from December 1975 to spring 2005. We first examined the climatology and variability and then the trends and their relationship with temperature increases. Data quality controls were applied to exclude random outliers from measurement, transmission, and other errors. No attempt was made to address systematic errors and biases caused by measurement changes as necessary metadata are unavailable. For example, ship height may increase as ships get bigger and this could affect the measured q and RH over the oceans, although ship height changes are relatively small during the last 30 yr compared with earlier decades. Considerable instrumental and sampling errors likely exist in the data, although the strong q-T correlation suggests that the variations and changes in surface humidity reported here are likely to be real given that the T time series (e.g., those from CRU in Fig. 11 ) are well established. In addition, the magnitude of the humidity trends is sensitive to the time period considered, especially given the relatively short length of records. For comparison, FIG. 15 . Same as in Fig. 11 , but for surface specific humidity and air temperature from one ensemble run by a coupled climate system model (i.e., PCM) using observation-based forcing of greenhouse gases, sulfate and volcanic aerosols, ozone, and solar radiation changes.
we also analyzed the surface q and temperature (T ) simulated by a fully coupled climate model (PCM) from 1976 to 1999 with realistic forcing. The main results are summarized below.
Spatial distributions of long-term mean surface q are largely controlled by climatological surface air temperature, with the largest q of 17-19 g kg Ϫ1 in the Tropics and large seasonal variations over northern mid-and high-latitude land. One exception is the subtropical land areas where atmospheric subsidence causes low surface q. Surface RH, on the other hand, has relatively small spatial and interannual variations; it is within 75%-82% over most oceans during all seasons and within 70%-80% over most land areas except for dry areas (e.g., northern Africa and inland Australia) and high terrain (e.g., the Rockies and Tibet) where surface RH is low (30%-60%). Seasonal RH variations are small over the oceans, but considerable (5%-30%; lower in JJA) over many land areas. Nighttime RH is 2%-15% higher than daytime RH over most land areas resulting from large temperature diurnal cycles, while the nightϪday difference is only about 1% over the oceans. The leading EOF in both the q and RH represents secular long-term trends, while the second EOF of q (but no EOF of RH) is related to ENSO with large positive q anomalies over the eastern tropical Pacific during El Niños. decreasing trends (Ϫ0.11% to Ϫ0.22% decade Ϫ1 ) in the RH averaged over the global and hemispheric oceans are statistically significant. Decreasing RH trends of 0% to Ϫ1% decade Ϫ1 are widespread over the oceans, but locally these trends are statistically significant only over most of the North Pacific and tropical eastern Pacific Ocean. Large positive and statistically significant RH trends (0.5% ϳ 2.0% decade Ϫ1 ) are seen over the central and eastern United States, India, and western China in all seasons, and these RH increases are accompanied by upward trends in surface q and total and low cloud cover. The RH increases resulted from large q increases that exceeded those in saturation humidity (associated with moderate warming) and caused the RH to rise in these regions. The cloud cover change suggests that the surface RH increase extended to the lower troposphere.
Statistically very significant increasing trends are found in global and Northern Hemispheric q and T. ) is also seen during 1976-2004. The increasing q trends and their association with surface warming exist in all seasons over much of Eurasia (largest in DJF) and the Atlantic Ocean.
Strong surface q-T correlation is found over most oceans (r ϭ 0.6-0.9) and most of Eurasia and North America (r ϭ 0.4-0.8), whereas it is weak and statistically insignificant over desserts and arid areas where atmospheric subsidence and soil wetness play an important role. Globally, the q-T anomaly relationship is approximately linear, and the observed dq/dT is close to the estimated rates using a constant RH. In percentage terms, surface q averaged over the globe, global land, and global ocean increases by 4.9%, 4.3%, and 5.7% per 1°C warming, respectively, values that are close to those suggested by the Clausius-Clapeyron equation with a constant RH.
The recent q and T trends are broadly captured by the PCM forced with realistic forcing. However, the model overestimates the volcanic cooling effects and underestimates the year-to-year variations in other years, resulting in stronger q-T correlation than observed. The model also overestimates the increases in Southern Hemispheric q and Ta.
The results of this study are consistent with previous analyses (see introduction) that showed increasing trends in surface humidity variables over a number of regions. The strong correlation between surface q and T on both interannual and longer time scales (including the trends) suggests that the increasing trends in global q will continue as global temperature rises. The exact rate of q increases differs spatially; however, globally it is close to that suggested by the Clausius-Clapeyron equation with a constant RH. Although global changes in surface RH are generally small, they may increase substantially on regional scales, as seen over the central and eastern United States, India, and western China, and the RH increases may be accompanied with increases in low cloudiness and decreases in DTR.
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